We describe a novel system for the analysis of sequence-specific meiotic recombination in Saccharomyces cerevisiae. A comparison of three adjacent restriction fragments from the human 0-globin locus revealed that one of them, previously hypothesized to contain a relative hot spot for genetic recombination, engages in reciprocal exchange during yeast meiosis significantly more frequently than either of the other two fragments. Removal of the longest of four potential Z-DNA-forming regions from this fragment does not affect the high frequency of genetic recombination.
Molecular and genetic studies have suggested that recombination events in eucaryotic chromosomes do not occur with equal frequencies in all regions of the genome. Examples include the suppression of recombination between H-2 haplotypes and t-complex alleles in mice (15, 16) , within heterochromatin in Drosophila (6, 44) , and within the tandemly arranged rRNA genes in the yeast Saccharomyces cerevisiae (35) . In addition, extensive genetic studies of S. cerevisiae indicate that the frequency of gene conversion varies considerably from one heterozygous site to another (12) .
Recombination within gene clusters has also been shown to be nonrandom with respect to positions within the clusters. Using restriction site differences between mouse H-2 haplotypes, Hood and co-workers have demonstrated that genetic exchanges leading to recombinant congenic mice in the I region of the mouse H-2 locus are restricted to a 2-kilobase (kb) region between the I-A and I-E subregion (24) . Likewise, Kazazian, Orkin, and co-workers have undertaken an extensive molecular genetic analysis of the ,B-globin gene cluster in humans (31, 32) . Based on population studies of the linkage relationships of 12 restriction enzyme polymorphisms spread over a 65-kb region encompassing the human ,-globin locus, they concluded that an 11-kb region immediately 5' of the ,-globin gene contains a hot spot for genetic recombination.
The 65-kb ,B-globin locus includes a 32-kb 5' region and a 20-kb 3' region, and each region exhibits nonrandomness with respect to the combinations of restriction site polymorphisms found within it. The 5' and 3' regions are represented by a very limited number of frameworks which are defined by the particular pattern of restriction site polymorphisms. Between the 5' and 3' frameworks is an 11-kb segment of DNA which includes the 8-globin gene and within which enough recombination occurs to allow all combinations of 5' and 3' frameworks to exist within the ,-globin-carryng chromosomes in a population (2-4, 22, 31, 32) . Figure 1 is a detail of the 11-kb sequence between the 5' and 3' frameworks. A polymorphic Hinfl site is in likage equilibrium with restriction sites in both the 5' and 3' frameworks and with a single-site polymorphism lying 700 * Corresponding author.
base pairs (bp) 3' to it (29) , and Kazazian et al. (22) have suggested that the Hinfl site lies in a region of relative sequence randomization.
Also shown in Fig. 1 is the presence of the highly repetitive evolutionarily conserved sequence d(TG * AC), first described by Miesfeld et al. (26) , where n = 17 at this genomic position. The presence of a stretch of d(TG AC), of a similar length at the breakpoint of a gene conversion event between the duplicated Gy and A-Y fetal globin genes first led Slightom et al. (48) to suggest that the sequence may have initiated the intergenic exchange.
In this report we take advantage of the yeast transformation technique (18, 20) and recombination analysis by tetrad dissection (12, 46) to introduce several 0-globin locus fragments into identical positions within the S. cerevisiae genome and to study their potential to engage in homologous meiotic recombination. We have chosen S. cerevisiae for our molecular recombination studies because we can recover all of the DNA molecules involved in a meiotic recombination event. Our results indicate that a restriction fragment within the 11-kb region of sequence randomization is two to four times as active in reciprocal meiotic exchange in S. cerevisiae as compared to the ability of the two adjacent ,B-globin locus fragments to engage in homologous exchanges. The recombinogenic nature of this fragment is not due only to the sequence d(TG * AC)17, since deletion of this sequence from the fragment does not significantly decrease the high frequency of exchange.
MATERIALS AND METHODS
Protocol for insertion of homologous ,l-globin DNA at the S. cerevisiae HIS3 locus. Plasmids pHLAV and pHUAV are described below. EcoRI linkers (Collaborative Research) were attached to the 1.8-kb BamHI HIS3 fragment from pSZ62 (33) , kindly provided by J. Szostak. The yeast LEU2 and URA3 genes used in the constructions of pHLAV and pHUAV were subcloned from pCV03 (8) and pMM2D (21) and were kindly provided by M. McLeod and J. Broach. Each of the three BamHI fragments from the human P-globin locus was inserted into the unique BamHI site of both pHLAV and pHUAV to generate pairs of plasmids for introduction into S. cerevisiae. The ,-globin derivatives of pHLAV and pHUAV are designated pHLMG-1 and pHUMG-1, pHLI800 and 2029 (26) . T or C is a sequence polymorphism detected by direct DNA sequencing (29) . The bracketed regions denote the positions of the ,-globin fragments used in this study (see text). The numbered line represents kilobase subdivisions of the region. The HincII, Hinfl, HgiAI, and Avall sites are 4 of the 12 polymorphisms described in reference 31. B, BamHI; RI, EcoRI.
pHUI800, and pHL5',B and pHU5'p. The orientation of the BamHI ,-globin fragment in each pair was judged to be the same by restriction enzyme mapping studies (data not shown).
Covalently closed circular plasmids were transformed into strains of S. cerevisiae by a modification of the lithium acetate transformation technique (10, 20) . Stable transformants were selected by plating transformation mixtures onto minimal medium plates containing amino acids and adenine but lacking either leucine or uracil (46) . Transformation frequencies ranged from 0.1 to 0.5 stable transformant per ,ug of DNA.
pHUAV and its derivatives carrying P-globin fragments were transformed into S. cerevisiae 16d with the genotype MATa leu2-3,112 ura3-52 his3-Al TRPJ CANJ ade2. TRPI and CAN] are unlinked to HIS3, and the ADE2 locus is 38 centimorgans (cM) centromere-proximal to HIS3 (27) . pHLAV and its derivatives were transformed into strain lb with the genotype MATa leu2-3,112 ura3-52 his3-AJ trpl-289 can1-101 ADE2. Strains 16d and lb were generated using standard genetic techniques by first crossing DBY747 (MATa leu2-3,112 ura3-52 his3-Al trpl-289 gal2, kindly provided by T. Petes) The his3-allele used, his3-Al, has a 200-bp deletion in the HIS3 coding region (45) . All integrations at HIS3 result in the duplication of HIS3 sequences which end up flanking the inserted plasmid. However, due to the nature of the integration event, which often involves gene conversion (33) We also needed to associate the human DNA fragments in each of the mating strains with flanking marker genes to allow the identification of recombinant spores. The construction of these defined genetic loci is illustrated in Fig.   2 .
Two integrating vectors were constructed, pHLAV and pHUAV, both of which are derivatives of pBR322 (7). Each vector has a 1.7-kb DNA fragment containing the wild-type yeast HIS3 gene (54) inserted in the same orientation into the EcoRI site of pBR322 (56 (18) . In both vectors the BamHI site of pBR322 is unoccupied. Any BamHI fragment can be cloned into this site in pHLAV and pHUAV. By the protocol outlined in Fig. 2 Three DNA fragments from the human ,-globin locus were examined for their ability to promote exchanges in the vicinity of the LEU2 and URA3 genes inserted at the HIS3 locus. Figure 1 shows the three ,-globin locus sequences that were used in this study. The 5'-most fragment, MG-1 (26) , is 1.9 kb in length and contains several members of the alternating copolymer d(TG AC),, family that is repeated approximately 50,000 times in the human genome (14, 26) . A BamHI linker has been added to the EcoRI site on the left of MG-1, and the EcoRI site is retained. 1800 is approximately 800 bp in length and is normally flanked on both sides by BamHI sites. 5',B is a 1.9-kb BamHI fragment which contains about 500 bp from the 5' end of the P-globin gene as well as 1.4 kb of DNA 5' to the P-globin coding region. Combined, the three fragments span 4.6 kb. The entire nucleotide sequence has been published (36) . All three fragments were subcloned from A phage carrying human 3-globin DNA isolated by Fritsch et al. (13) . Each DNA fragment was inserted in the same orientation into the unique BamHI site in both pHUAV and pHLAV.
Differential recombination of human ,-globin locus fragments in S. cerevisiae. Figure 3 illustrates the physical organization of the HIS3 locus when homologous exchange between the 5'p-fragments from the human ,-globin locus was studied. Genetic exchanges in the interval between the LEU2 and URA3 sequences were monitored by scoring 354 tetrads for their LEU2, URA3, and HIS3 segregation patterns. Nonrecombinant tetrads should always segregate 2 Leu+ Ura-His+:2 Leu-Ura+ His' spores. Of 354 tetrads, 13 contained one or more spores with nonparental arrangements of the LEU2, URA3, or HlS3 genes (Table 1) . By genetic and Southern blot analysis, five of these nonparental segregations were shown to be due to a reciprocal exchange in the 2.5-kb interval between LEU2 and URA3 (1.9-kb 5', fragment + 0.6 kb of pBR322 DNA between the Sall and HindIII sites). An autoradiogram of a Southern blot of the parental DNA samples cut with BamHI, along with DNA samples from the four spores from representative recombinant (tetratype ascus) and nonrecombinant (parental ditype ascus) tetrads, is shown in Fig. 4 . The recombinant nature of the tetrad can be visualized in the BamHI-digested spore DNA samples by the association of the 3.4-kb fragment containing the URA3 gene with the 8-kb fragment that carries the LEU2 gene (spore d , Fig. 4 , lane f). This same tetrad has a spore (spore b, lane d) with the 5.6-kb and 2.0-kb fragments that represent plasmid insert sequences lacking LEU2 and URA3 sequences completely. An examination of the physical maps of the recombining parental inserts (Fig. 3) reveals that the 8-kb and the 5.6-kb BamHI fragments are effectively allelic, while the same is true of the 3.4-kb and 2.0-kb fragments. EcoRI digests (Fig. 4) Table 1 (all crosses combined) have tetratype segregation patterns similar to that of the recombinant tetrad shown in Fig. 4 . In Fig. 5 we illustrate the physical maps of the HIS3 regions from the four spores of the recombinant tetrad as deduced from the genetic and restriction enzyme analyses. The genetic distance between LEU2 and URA3, based on the number of reciprocal recombinants, is calculated to be 0.7 cM (Table 1) .
Of the 13 nonparental tetrads, 3 were 3:1 segregations for LEU2 or URA3 sequences and represent gene conversion events. One of these three events resolved by reciprocal exchange in pBR322 or HIS3 sequences in addition to converting the pBR322 region of one of the 5'P-URA3 (1, 43, 55) . B, BamHI; HIII, Hindlll; RI, EcoRI; S, Sall; S/X, SaIl-XhoI hybrid site. The black circle represents the chromosome centromere. In the absence of reciprocal exchange in the interval between LEU2 and URA3 or gene conversion events involving these markers, tetrads will contain two Leu+ Ura-spores and two Leu-Ura+ spores (parental segregation). The 2:2 segregation pattern for four additional markers (CANI, TRPI, ADE2, and MAT) was always used to confirm that the tetrads with nonparental segregations for LEU2, URA3, or HIS3 were true tetrads. Unsporulated diploids that were accidentally dissected along with ascospores were identified by microscopic examination for their ability to sporulate and their inability to mate with MATa and MATaL tester strains. Fewer than 1% of the tetrads did not segregate 2:2 for all unlinked markers, and these were discarded, as were the 3 to 5% of the dissected tetrads that contained diploids. chromatids to LEU2'. Physical maps of the HIS3 region in the four spores from this recombinant tetrad, based on restriction enzyme and Southern blot analysis (data not shown), are illustrated in Fig. 6 . Notice the 2:2 segregation for the wild-type (+) and deletion (A) HIS3 markers on both the left and right sides, while the LEU2 gene segregates 3+:l-. This confirms, with molecular evidence, the notion that gene conversion and reciprocal exchange can be intimately linked processes (12) . By restriction enzyme and Southern blot analysis we could show that 4 of the 26 gene conversion events reported in Table 1 (all crosses combined) were associated with reciprocal recombination of the flanking HIS3 markers (data not shown). In 10 of the remaining 22 events, one endpoint of the converted segment of DNA lies outside the integrated plasmid sequences, and the conversion could not be unambiguously identified as having been associated with crossing over. In these cases a flanking HIS3 sequence was converted along with the LEU2 or URA3 marker gene that exhibited nonparental segregation. These events, where two markers were converted together (coconversion; 12), dictate conversion tracts 3 to 5 kb in length. Since the LEU2 and URA3 marker genes are opposite nonhomologous DNA, all of the conversion events must involve the conversion of a large deletion or insertion (2.2 kb for LEU2 and 1.2 kb for URA3). Molecular models for how such events can occur have been described (38, 51, 57) . In six of the conversion tetrads reported in Table 1 (all crosses combined), the LEU2 and URA3 markers were converted together. In three of these tetrads one of the flanking HIS3 markers was also converted. Such events require conversion tracts of 5 to 9 kb and span three large heterologous DNA segments (the LEU2 and URA3 markers and the 200-bp HIS3 deletion).
As shown in Table 1 , 10/363 tetrads with nonparental segregations for either LEU2, URA3, or HIS3 were identified when homologous exchange between 1800 fragments was examined. By genetic and restriction enzyme and Southern blot analysis, five of these nonparental segregations were shown to be due to a reciprocal exchange in the 1.4 kb of DNA between LEU2 and URA3 (data not shown).
The genetic distance between LEU2 and URA3 in the cross is 0.7 cM. One of the remaining five nonparental segregations resulted from a gene conversion event in which LEU2 segregated 3+:1-while URA3 segregated 2+:2-. The other four events were due to rearrangements of the flanking HIS3 sequences and did not involve LEU2 or URA3 (Table 1) We next examined homologous exchange between chromosomes carrying the MG-1 fragment. Of 443 asci dissected and examined for segregation of the LEU2, URA3, and HIS3 markers, 33 tetrads with nonparental segregation patterns were identified (Table 1) . By genetic and Southern blot analysis, 23 of these were shown to be due to a reciprocal exchange within the 2.5 kb of DNA between LEU2 and URA3. All 23 of the nonparental segregations listed in Table  1 that were identified as reciprocal exchanges by their marker segregation patterns showed identical tetratype patterns of restriction fragment association by Southern blot analysis. Nine of the 33 nonparental segregations involved gene conversion of either LEU2 or URA3 sequences.
The genetic distance between LEU2 and URA3, when MG-1 is inserted between them, is 2.6 cM ( Table 1 ). This is the largest distance observed when the three P-globin fragments are compared. As compared to the 5'p fragment, which is virtually identical in length to MG-1 (both are 1.9 kb), reciprocal exchanges in the vicinity of the MG-1 insertion occur 3.7 times more frequently. Chi-square analysis indicates that the frequency of reciprocal exchange in the MG-1 experiment is significantly greater than the frequencies observed for either the 5'3 (P < 0.005) or 1800 (P < 0.005) fragments. To determine whether the high frequency of exchange associated with the MG-1 insertion was dependent on a particular orientation, we inserted this fragment into both pHLAV and pHUAV and subsequently into homologous yeast chromosomes at the HIS3 locus in the opposite orientation (MG-1 opp, Table 1 ). In 133 tetrads examined, six reciprocal exchanges in the LEU2-URA3 interval were identified. Although fewer tetrads were examined, the calculated map distance is very close to the distance obtained from the frequency of exchanges when MG-1 is in the original orientation (MG-1, Table 1 ). This frequency of exchange is also significantly greater than when the 5',B fragment (P < 0.005) or 1800 fragment (P < 0.005) was studied. Based on restriction enzyme mapping of the transforming plasmids (data not shown), it can be shown that the 5',B and 1800 fragments were inserted into pHLAV and pHUAV in the same orientation relative to each other as they are found in the human ,B-globin locus (36) . Of the two orientations of the MG-1 fragment studied, MG-1 opp (Table  1) is the cross in which the MG-1 fragment lies in the same orientation relative to 5', and 1800 as it does in the human genome (36) .
Long tracts of the alternating purine-pyrimidine sequence d(TG * AC), have been postulated to be initiation sites for genetic exchange (see below). We sought to determine whether the sequence d(TG * AC)17 that is found within MG-1 contributes to the high frequency of exchange associated with this fragment. A deletion derivative of the MG-1 fragment was created in vitro by removing a 240-bp HindIIIAccI restriction fragment that contains the d(TG -AC)17 sequence. This derivative does not hybridize to a nicktranslated probe of pure d(TG * AC), (data not shown).
However, it does contain the other two short runs of d(TG * AC),n where n = 5 and 7. These are located at positions -430 and -930, respectively, relative to the d(TG * AC)17 stretch (36) . An additional sequence of 11 bp of alternating purine-pyrimidine residues is found at position -530 (36) . The loss of the longest d(TG * AC),, sequence has no effect on the recombination efficiency of MG-1. Fifteen reciprocal exchanges (tetratype asci) were observed in 295 segregations examined when the MG-1 deletion derivative was inserted at the HIS3 locus (Table 1 ). This can be translated into a genetic distance for the LEU2-URA3 inter-2034 l) 1 . val of 2.5 cM, roughly the same as when the intact, 1.9-kb MG-1 fragment was studied (P > 0.9) and significantly higher than when either the 5'3 or 1800 fragments were examined (both P values <0.005).
Also listed in Table 1 are data from 420 tetrads dissected and analyzed for LEU2, URA3, and HIS3 marker segregation when no exogenous DNA was inserted into the BamHI site between LEU2 and URA3. Fifteen aberrant segregations of the marker genes were identified. Six of these events involved LEU2 or URA3 sequences. Only one of these was due to a reciprocal exchange in the 0.62 kb of pBR322 between the LEU2 and URA3 marker sequences (data not shown). In this cross, the most common events involving LEU2 and URA3 were nonreciprocal gene conversion events which exhibited 3 +:1 -or 1 + :3 -segregations for these markers.
Considering all events involving LEU2 or URA3 sequences (combining data in Table 1 for reciprocal exchanges in the LEU2-URA3 interval with all gene conversions for LEU2 or URA3), the frequencies of such events in crosses involving MG-1 are significantly greater than the frequencies observed for the 1800, 5'p, and "no-insert" crosses (all probability [P] the physical distance between LEU2 and URA3 is a poor indicator of the genetic distance between them. The MG-1 and 5'I fragments are identical in size; however, they differ significantly in their ability to engage in reciprocal exchanges (P < 0.005). Likewise, 5'P and 1800 differ in size but show no significant difference in their ability to recombine (P > 0.9). By comparing the genetic distance between HIS3 (left) and HIS3 (right) with the genetic distance between LEU2 and URA3 ( no-insert experiment) . The most obvious difference between the two intervals being monitored, aside from their distinct chromosomal locations, is the fact that in addition to the URA3 heterozygosity, all of our crosses also have LEU2 as a tightly linked heterozygous marker. The 2.2-kb LEU2 heterology near the URA3 gene may obscure the ability of the URA3 gene to stimulate recombination. Alternatively, recombination in the vicinity of the HIS3 locus may normally be very rare, and URA3 is inefficient in promoting exchange when located there. The MG-1 fragment, however, is capable of raising the frequency of exchange when inserted at the HIS3 locus.
We initially chose the 5',B fragment for our studies because previous work demonstrated that the polymorphic Hinfl site within this fragment is not in disequilibrium with either the 5' or 3' framework, or to a polymorphic marker lying 700 bp 3', suggesting that it lies in a region of relative sequence randomization (22) . This fragment was the least recombinogenic of the three f-globin fragments tested. Thus, although this fragment may be near a hot spot for recombination (22) , the hot spot could lie at some distance 5' or 3' of this region and still generate sequence randomization in the vicinity of the Hinfl site.
The ability of the MG-1 fragment to participate in frequent genetic exchanges due to the presence of runs of alternating purines and pyrimidines capable of forming Z DNA (30, 34, 40, 47) was suggested by other studies implicating d(TG * AC), in promoting recombination events in mammalian cells (11, 23, 37, 48, 53) . However, our data show that a deletion derivative of MG-1 lacking the d(TG * AC)17 sequence is still able to recombine efficiently in S. cerevisiae, suggesting that additional sequence(s) within the MG-1 fragment must play a dominant role in its genetic behavior in this organism. Such sequences may include the three additional short stretches of alternating purines and pyrimidines (11, 12 , and 15 bp) that also exist in this fragment. In fact, in experiments to be reported elsewhere (Treco and Arnheim, in preparation), a region of DNA that consists only of a 150-bp-long stretch of d(TG -AC)n was found to be frequently involved in reciprocal recombination during yeast meiosis, independent of unique ,-globin sequences; in addition, it generates unusual classes of recombinant tetrads when heterozygous.
Although our data on the MG-1 fragment in 
